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Abstract. Use of a compact, low power commercial lidar on-
board a small aircraft for aerosol studies is demonstrated. A
Micro Pulse Lidar ﬁtted upside down in a Beech Superking
aircraftisusedtomeasuretheverticaldistributionofaerosols
in and around Hyderabad, an urban location in the central
India. Two sorties were made, one on 17 February 2004
evening hours and the other on 18 February 2004 morning
hours for a total ﬂight duration of four hours. Three different
algorithms, proposed by Klett (1985), Stephens et al. (2001)
and Palm et al. (2002) for deriving the aerosol extinction co-
efﬁcient proﬁle from lidar data are studied and is shown that
the results obtained from the three methods compare within
2%. The result obtained from the airborne lidar is shown
more useful to study the aerosol distribution in the free tro-
posphere than that obtained by using the same lidar from
ground. Using standard radiative transfer model the aerosol
radiative forcing is calculated and is shown that knowledge
on the vertical distribution of aerosols is very important to
get more realistic values than using model vertical proﬁles of
aerosols. We show that for the same aerosol optical depth,
single scattering albedo and asymmetry parameter but for
different vertical proﬁles of aerosol extinction the computed
forcing values differ with increasing altitude and improper
selection of the vertical proﬁle can even ﬂip the sign of the
forcing at tropopause level.
Keywords. Atmospheric composition and structure
(Aerosols and particles; Instruments and techniques) – Me-
teorology and atmospheric dynamics (Radiative processes)
1 Introduction
Aerosols play a major role in determining the regional scale
radiation budget of the earth’s atmosphere by directly scat-
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tering and absorbing the incoming and outgoing radiations as
wellasthroughmodifyingcloudproperties, suchasthecloud
droplet size distribution and cloud lifetime (e.g. Twomey,
1974; Albrecht, 1989; Pincus and Baker, 1994; Haywood
and Boucher, 2000; Kaufman et al., 2005; Ramanathan el
al., 2005). Nevertheless, measurements of aerosol proper-
ties, particularly their vertical distribution are less and un-
evenly distributed around the globe. Over India, knowledge
on the vertical distribution of aerosols has come mostly from
in situ probing using rocket and balloon-borne instrumen-
tations (Jayaraman et al., 1987; Jayaraman and Subbaraya,
1993; Ramachandran and Jayaraman, 2003), ground-based
lidar measurements (Devara et al., 1995; Jayaraman et al.,
1995; Parameswaran et al., 1998) as well as from remote-
sensing satellites (Kent et al., 1998; Spinhirne et al., 2005).
Airborne lidars are gaining popularity in recent years as they
provide useful information on the aerosol vertical proﬁles
over a wider region such as during the INDOEX (Pelon et
al., 2002), SAFARI-2000 (McGill et al., 2003), ACE-2 (Fla-
mant et al., 2000) etc. Airborne laser remote sensing has ad-
ditional advantage that it can measure aerosol proﬁles both
in vertical as well as horizontal directions in very short time
and can be a good tool to quantify the aerosol properties in
the three-dimensional space.
Under the Indian Space Research Organization’s (ISRO)
Geosphere Biosphere Programme (GBP) a land campaign
was conducted in the central India during February 2004 (to
be referred henceforth as LC-1) to study the aerosol proper-
ties and different trace gases concentrations. During LC-1,
for the ﬁrst time in India, airborne lidar measurements were
carried out over Hyderabad, one of the major industrialized
cities located in the central India. Results obtained from this
airborne lidar experiment are discussed in the present paper
in the context of their implication to radiative forcing calcu-
lations. Section 2 of the paper describes instrumentation and
data reduction while Sect. 3 describes retrieval of aerosol ex-
tinction proﬁle and highlights the difference between three
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data for the visible wavelength region.  
Fig. 1. Ground track of the airborne lidar measurements made on
17 February 2004 (Yellow line) and 18 February 2004 (Green line).
The background image is created from MODIS surface reﬂectance
data for the visible wavelength region.
major retrieval algorithms. In Sect. 4 discussions on ob-
served aerosol properties and their implications to aerosol
radiative forcing are presented. In Sect. 5, major conclusions
from this ﬁrst Indian airborne lidar experiment are presented.
2 Instrumentation and data reduction
The Micro Pulse Lidar (MPL) which was originally devel-
oped by NASA (Spinhirne, 1993) and later made available
commercially is used in the present airborne study. It is a
monostatic co-axial system with 20cm diameter Schmidt-
Cassegrain telescope and employs a diode pumped Nd-YLF
laser giving out pulsed laser output in second harmonics at
523.5nm wavelength. The pulse repetition rate is conﬁgured
at 2500Hz. The lidar has the speciﬁcation of obtaining the
vertical proﬁles of aerosols from ground level up to about
30km altitude with a range resolution of 30m. The Na-
tional Remote Sensing Agency at Hyderabad provided the
aircraft (Raytheon Aircraft, Beech Super King Air 200 se-
ries) for this purpose. MPL was mounted in the aircraft look-
ing downward through a window originally available at the
belly of the aircraft for aerial photography purpose. To avoid
direct reﬂectance from the glass window coming back into
the telescope, the lidar mount was kept tilted at 6◦ with re-
spect to the normal of the window glass pan. This 6◦ tilt re-
sults in an over estimation of the atmospheric height by about
44m at the maximum aircraft altitude of 8km and by about
11m for the boundary layer top height of ∼2km. No spe-
cial correction is applied for the inclination, while discussing
the results on the vertical distribution of aerosols. Mea-
sured backscattered signal strength data are summed for 15s,
which corresponds to a total of 37500 proﬁles and averaged
before storing as a single proﬁle. This results into 1.3km
resolution in the horizontal direction for the typical aircraft
speed of 320km/h. A total of two sorties were made, one
on 17 February 2004 evening between 18:40 to 20:40h (lo-
cal standard time) and another on 18 February 2004 morning
between 08:50 to 10:50h. Figure 1 shows the ground track of
the sorties made in these two days. Sorties were made mainly
in the north-south direction to facilitate measurements per-
pendicular to the wind direction, which is mainly easterly
over Hyderabad during February. About 450 proﬁles were
obtained on each day.
Aerosol extinction proﬁle from the measured backscatter
intensity is retrieved in two steps. First, the normalized rel-
ative backscatter (NRB) proﬁle is obtained by correcting for
afterpulse effect, overlap correction, energy normalization,
range correction etc. as described in Campbell et al. (2002)
and Gadhavi (2005). The second step is to calculate extinc-
tion proﬁle from NRB, which is described in Sect. 3. The
overlap correction factor was obtained by making lidar mea-
surementsinthehorizontaldirectionfromMt.AbuattheGu-
rushikhar observatory (24.65◦ N, 72.78◦ E) of Physical Re-
search Laboratory. NRB proﬁles can be described mathe-
matically as,
z2{P(z) − pap(z) − pb}
O(z)E
= C
 
βm(z) + βp(z)

T 2(z) (1a)
T(z) = exp

−
z Z
0
 
αp(z0) + αm(z0)

dz0

 (1b)
where z is the range from the MPL to the target, P(z) is the
uncorrected backscattered lidar signal, pap is the contribu-
tion from afterpulse effect, pb is background contribution,
O(z) is overlap correction factor and E is the energy of the
transmitted laser pulse. On the right hand side of the equa-
tion, C is a constant, also known as calibration constant, βm
and βp are backscattering coefﬁcients due to air molecules
and aerosols respectively, and T is the atmospheric transmis-
sion between the MPL receiver and the scattering volume.
In Eq. (1b), αm and αp are extinction coefﬁcients due to air
molecules and aerosols, respectively.
Left hand side of Eq. (1a) is called NRB. At a given alti-
tude NRB values are roughly proportional to aerosol amount
present at that altitude. However, due to two way transmis-
sion loss the same NRB values at different altitudes repre-
sent different aerosol amount. In case of aircraft measure-
ment a given NRB value represents higher aerosol concen-
tration at lower altitude and vice versa. Figure 2 shows a
2-D colour map of the NRB values obtained on 17 and 18
February 2004. Distinct marking of the boundary layer top is
seen on both the days around 2km above ground level. Also
Ann. Geophys., 24, 2461–2470, 2006 www.ann-geophys.net/24/2461/2006/H. Gadhavi and A. Jayaraman: Airborne lidar study of the vertical distribution of aerosols 2463
on 17th when observations were made during sun-set hours
a gradual decrease in the aerosol amount is seen within the
boundary layer with time. As the surface cools, thermal ed-
dies decrease, which otherwise help in lifting particles from
surface layer to higher heights. On 18th when measurements
were made during morning hours, an increase in the bound-
ary layer aerosol amount is seen when eddy mixing increases
with increasing surface and air temperatures.
3 Aerosol extinction proﬁle
NRB proﬁles are averaged to get a single proﬁle for each
sortie, while data obtained during aircraft ascent, descent and
when the aircraft takes curves are omitted.
Retrieval of extinction proﬁle from NRB involves few im-
portant assumptions. These assumptions are a priori knowl-
edge of extinction-to-backscatter ratio and extinction (or
backscattering) coefﬁcient at a reference range. Accuracy
of retrieved quantity critically depends on these assumptions
and algorithms are developed to minimize the effects of the
assumptions on the ﬁnal output. Klett (1981, 1985) describe
methods in which it is suggested for the ﬁrst time that ref-
erence range to be speciﬁed at far end of lidar observation-
range in order to make algorithm stable and less sensitive
to errors in reference extinction (or backscattering) value. It
is also shown using simulation that even if two algorithms
are mathematically equal, they can perform quite differently
for different numerical methods. Assumptions made for one
situation are quite often not applicable to other situation.
Ground-based lidar observations in vertical direction has free
troposphereorstratosphereinthefar-end, whereaerosolcon-
centration is low and less variable than at boundary layer,
which is the far-end for airborne observations.
Relatively few literature exists to describe algorithms for
airborne or space borne lidar measurements. We took this
as an opportunity to review three algorithms for their ease of
implementation, stability in numerical performance and sen-
sitivity to assumptions. The three algorithms reviewed are
transmittance solution described by Palm et al. (2002), opti-
mum estimation method described by Stephens et al. (2001)
and Klett (1985) algorithm in forward direction. Hence-
forth, these algorithms will be referred as P2002, S2001 and
K1985, respectively.
P2002 is an operational algorithm for Geoscience Laser
Altimeter System (GLAS). GLAS is a space-borne atmo-
spheric lidar and surface altimeter system onboard Ice Cloud
and land Elevation Satellite (ICE-Sat) launched in January
2003 by USA (Spinhirne et al., 2005). Unlike most of the
algorithms, which involve taking logarithm of NRB, P2002
does not contain logarithmic terms. This is particularly im-
portantonoccasionswhenlidarsignalscouldbenegativedue
to random noise. P2002 algorithm will remain stable in such
noisy condition. P2002 equation for aerosol backscattering
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Figure 2. Normalized Relative Backscatter values in arbitrary unit (proportional to range corrected 
photons) obtained from the airborne lidar measurements made on (a) 17 February 2004 and (b) 18 
February 2004 over Hyderabad. Latitude and longitude of the ground track are according to 
measurement sequence. Altitude in km is from ground level, which is about 530 meter above the mean 
Fig. 2. Normalized Relative Backscatter values in arbitrary unit
(proportional to range corrected photons) obtained from the air-
borne lidar measurements made on (a) 17 February 2004 and (b)
18 February 2004 over Hyderabad. Latitude and longitude of the
ground track are according to measurement sequence. Altitude in
km is from ground level, which is about 530m above the mean sea
level. For both the days boundary layer top is seen around 2km but
aerosol distribution within the boundary layer is quite different.
coefﬁcient βp(z), assuming single scattering event and for
nadir measurement is shown below:
βp(z) =
T
2(X−1)
m (z)P0(z)
I(zt) − 2Lp
z R
zt
T
2(X−1)
m (z0)P0(z0)dz0
− βm(z) (2a)
αp(z) = Lpβp(z) (2b)
where, Tm is the transmission due to molecular scattering,
βm is the backscattering coefﬁcient of the air molecules,
P0(z) is NRB/C (refer Eq. 1), Lp is an extinction-to-
backscattering ratio of aerosol (also known as lidar ratio),
X is Lp/Lm and Lm is the extinction-to-backscattering ra-
tio for air molecules. The term I(zt) in the denominator
is two way transmission between telescope and the ﬁrst bin
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from where backscattering coefﬁcients calculations are to be
made. When this distance is very small, as in the present
case it will be very close to 1. In Eq. (2a), Lm is a known
quantity which is equal to 8π/3. Molecular transmission
Tm can be calculated fairly accurate from temperature and
pressure proﬁles. U.S. standard atmospheric temperature and
pressure proﬁles (McClatchey et al., 1972) are scaled to the
observed surface level pressure and are used in the present
case to calculate Tm. Aerosol extinction coefﬁcient (αp) can
be obtained from βp by multiplying it with Lp as shown in
Eq. (2b).
The S2001 algorithm is based on the optimum estimation
method, which is quite popular among satellite remote sens-
ing community for retrieval of atmospheric temperature and
composition from thermal radiation measurements (Rodger,
1976, 1990, 2000). In this algorithm NRB proﬁle is ﬁrst
constructed by lidar equation using climatological or crude
estimate of extinction values and the difference between ob-
served and reconstructed NRB proﬁle is minimized using
an iteration loop of the form shown in Eq. (3). This al-
gorithm is mathematically vigorous and demands quite a
high computer-memory and processing time in comparison
to other two algorithms. However, the very unique and im-
portant advantage is that it retrieves simultaneously error es-
timates of ﬁnal result for various uncertainties in the input
values. A general equation for the optimum estimation algo-
rithm can be written as,
ˆ x
n+1 = Sn
x(S−1
a xa + KnTS−1
y [y − f + Knˆ x
n]) (3)
where x is the resultant vector, the quantity to be retrieved
and in the present case the extinction values at different alti-
tudes. y is the measurement vector and in the present case it
is a range corrected signal strength and aerosol optical depth.
f is known as the forward function which relates the mea-
surements to retrievable quantity, which essentially is a lidar
equation. Sn
x is an error co-variance matrix for nth iteration.
Sa and Sy are error co-variance matrices for a priori knowl-
edge of aerosol extinction and measurement errors. K is the
sensitivity matrix. Superscript T denotes transpose of a ma-
trix and n denotes number of iteration. Symbols in Eq. (3)
are kept same as in S2001. More complete explanation of
the symbols is available in Stephens et al. (2001).
Klett (1981) presents two solutions, one refers to solv-
ing the lidar equation with reference value provided at near
end while other refers to solving lidar equation with refer-
ence value provided at far end. Solution presented in Klett
(1981) is further elaborated for separating Rayleigh contri-
bution and range dependent lidar ratio in K1985. It should
be noted that focus of Klett (1981) is to show better stabil-
ity of far-end solution in comparison to near-end solution.
K1985 solution with near end reference value is not much
different than previously existing lidar solutions such as Fer-
nald et al. (1972). Following are equations for near end solu-
tion based on Klett’s (1985) solution for backscattering coef-
ﬁcient assuming a constant lidar ratio.
β(r) =
exp(S0 − S0
0)
"
β−1
0 − 2Lp
r R
r0
exp(S0 − S0
0)dr0
# (4a)
S0 − S0
0 = S − S0 + 2Lm
r Z
r0
βmdr0 − 2Lp
r Z
r0
βmdr0 (4b)
S(r) = log(NRB(r)) (4c)
where, β is the total backscattering by air molecules and
aerosols. Subscript m denotes molecular scattering and p
denotes particulate (aerosol) scattering. L is the lidar ratio as
explained in Eq. (2). Subscript 0 denotes the reference range
near lidar telescope.
Poor stability in near end solution for ground based ver-
tical observation of lidar is due to the denominator term in
Eq. (4a). It decreases rapidly with increasing range because
of reduction in aerosol concentration and air density, which
makes solution numerically unstable. However in case of air-
borne or space-borne lidar observation aerosol concentration
and air density increases with range and hence near-end solu-
tion is expected to be stable than compared to ground-based
observation. Also for airborne observations reference range
at far-end can not be guessed as reasonably as in the case of
ground based observations and hence near-end solution be-
comes a good choice for the airborne observations.
Calibration constant “C” and lidar-ratio Lp are prerequi-
sitetocomputeextinctioncoefﬁcientasevidentfromEqs.(1)
to (4). The calibration constant “C” can be calculated by
knowing extinction (or backscattering) coefﬁcient at refer-
ence range. In case of high altitude airborne or space-borne
measurements it can be obtained by comparing the NRB
proﬁle with modelled Rayleigh backscattering proﬁle for air
molecules in the stratosphere. But in the free tropical tropo-
sphere signiﬁcant amount of aerosol could be present. Ra-
machandran and Jayaraman (2003) have reported a value of
0.02km−1 for aerosol extinction at the altitude of 5.5km us-
ing balloon borne sun-photometer over Hyderabad in April
2001. However, Hart et al. (2005) report aerosol extinction
over the Indian Ocean region close to zero above 3km using
GLAS observation. In the absence of independent measure-
ments of aerosol extinction or backscattering coefﬁcient dur-
ing our experiment, we have carried out sensitivity analysis
for reference values used to estimate “C”. Aerosol backscat-
tering coefﬁcient at reference range is varied between 0 and
6×10−4 km−1 sr−1 so as to cover observed extinction value
for a wide range of lidar-ratios. Results of this sensitivity
analysis are discussed in the next few paragraphs.
A priori knowledge of lidar-ratio is necessary to derive
the extinction proﬁle apart from knowing the backscatter-
ing coefﬁcient value at the reference range. In the present
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Fig. 3. Sensitivity of aerosol extinction proﬁle retrieved by algo-
rithm described in Palm et al. (2002) to assumed values of aerosol
backscattering coefﬁcient at a reference altitude of 6km.
case, the lidar-ratio is obtained by an iterative process in
which independently measured column AOD values using
sun-photometer are employed to constrain the extinction
values and the constrain is applied by adjusting the lidar-
ratio. Ideally an extinction proﬁle should be available up
to top of the atmosphere in order to compare it with the
column AOD. During volcanically quiescent period there
is very less aerosol amount present at higher altitudes; for
example AOD above 6km measured by SAGE-II on 28
February 2004 over 19.3◦ N Latitude and 80.6◦ E Longi-
tude is 0.015±0.004. Column AOD observations made from
a nearby station (Shaadh Nagar, Fig. 1) are found to be
0.4±0.05 on 17 February and 0.29±0.01 on 18 February dur-
ing periods close to aircraft sorties. In the present case the
higher altitude aerosols are found to contribute only about
3 to 5% to the total column AOD, which will result in 2
to 3% error in extinction values. However, lidar-ratio ob-
tainedbyconstrainingtheextinctionproﬁlewithAODissen-
sitive to assumed value of backscattering coefﬁcient at refer-
ence range. For example, in case of “No Aerosol” above
6km (i.e., βp=0 for altitude above 6km) we get a lidar ratio
of 45.2sr, whereas for βp=6×10−4 km−1 sr−1 at 6km, the
lidar-ratio is 18.9sr. Aerosol extinction proﬁles for three dif-
ferent values of reference aerosol backscattering coefﬁcient
(viz., βp=0; 2×10−4 km−1 sr−1 and 6×10−4 km−1 sr−1 at
altitude around 6km) using the P2002 algorithm are shown
in Fig. 3. When retrieval of extinction proﬁle is constrained
with AOD, the effect is to shift the extinction proﬁle in one
direction in free troposphere and in the opposite direction in
boundary layer (Fig. 3). A 50% uncertainty in the total (Air
molecules + Aerosols) backscattering coefﬁcient at reference
Fig. 4. Comparison of the performance of three algorithms de-
scribed in Palm et al. (2002), Stephens et al. (2001) and Klett (1985)
used for the retrieval of aerosol extinction coefﬁcient proﬁles from
the airborne lidar measurements.
range leads to approximately an error of 20% in the derived
aerosol extinction coefﬁcient at lower altitudes. S2001 and
K1985 algorithms have similar sensitivity to the assumed
backscattering coefﬁcient values at the reference range.
Figure 4 shows the comparison between the results ob-
tained using the three algorithms for 17 February data and
assuming zero aerosol-backscattering at reference range.
Lidar-ratios for P2002 and K1985 obtained from AOD mea-
surements as explained earlier compare better than one deci-
mal place and so is the extinction proﬁles. S2001 algorithm
has in-built constraint based on AOD and doesn’t require to
supply lidar-ratio explicitly. Results from these algorithms
compare within about 2% and no appreciable bias with alti-
tude is observed in any particular algorithm.
The aerosol extinction proﬁles obtained from the airborne
lidar measurements are compared with that obtained from
the ground based observations made using the same lidar
from Shaadh Nagar, located around 60km south of Hyder-
abad (see Fig. 1 for the location). The ground-based obser-
vations are made between 19:30 to 20:30h on 18 February
2004. Same instrument settings are used in the ground based
observation except that photon counts are summed for one
minute instead of 15s as in the case of airborne observations.
Kaestner (1986) algorithm is used to retrieve extinction pro-
ﬁle for the ground-based measurements, which is similar to
Klett’s (1985) algorithm but deﬁnes the solution directly in
terms of extinction coefﬁcient. The aerosol extinction proﬁle
is derived by assuming zero aerosol content at far end (about
6km in the present case). Since ground-based observations
were made after sun-set, AOD data are not available for con-
straining extinction in order to get the lidar-ratio. Hence,
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Fig. 5. Comparison of the average aerosol extinction coefﬁcient
proﬁles obtained from airborne lidar measurements made on 17
and 18 Feb with that from ground based measurements made on
18 evening at a nearby location using the same lidar instrument.
extinction proﬁle for ground-based observation is retrieved
using lidar-ratio equal to 40sr, which is in between the lidar
ratios obtained for airborne measurements made on the two
days. Figure 5 shows the ground-based observations along
side airborne observations of extinction proﬁles on 17 and
18 February. Ground-based observations detect almost no
aerosol above the boundary layer whereas signiﬁcant aerosol
extinction is seen in the free troposphere from airborne ob-
servations on both days. Though the ground-based observa-
tion is temporally and spatially separated from the airborne
measurements, detectionofnoaerosolinthefreetroposphere
from ground observations is due to poor signal-to-noise ratio
for the data obtained from free tropospheric altitudes. Partic-
ularly over polluted urban locations, as in the present case, it
is difﬁcult to study aerosols from ground based lidar of mod-
erate power, because of the weak backscattered signal from
higher altitudes which is further attenuated by high amount
of aerosols found within the boundary layer. From signal-to-
noise ratio (S/N) point of view, airborne lidar is found more
favourable than the ground based measurements for the free
tropospheric aerosol study, particularly over polluted urban
locations.
4 Aerosol Radiative Forcing
The measured aerosol extinction proﬁles are used to calcu-
late the aerosol radiative forcing (ARF), a parameter widely
used by modellers for the estimation of the role of aerosols
in inducing regional and global scale climate modiﬁcations.
Radiative forcing is deﬁned as difference in net radiative
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Figure 6. Aerosol extinction profile with circle and dashed line is obtained by combining air-borne 
lidar measurements on 17 Feb and SAGE data at altitudes above 6 km. Extinction profile with solid 
line is the 'standard' model aerosols profile. Comparison of aerosol radiative forcing values computed 
using these two profiles is shown in Figure 7.  
 
Fig. 6. Aerosol extinction proﬁle with circle and dashed line is ob-
tained by combining air-borne lidar measurements on 17 February
andSAGEdataataltitudesabove6km. Extinctionproﬁlewithsolid
line is the “standard” model aerosols proﬁle. Comparison of aerosol
radiative forcing values computed using these two proﬁles is shown
in Fig. 7.
ﬂuxes at given altitude between aerosol laden atmosphere
and aerosol free atmosphere. Though this deﬁnition dif-
fers with conventional deﬁnition of radiative forcing given in
IPCC (2001) which deﬁnes aerosol radiative forcing for an-
thropogenic aerosol, it serves the purpose of estimating inﬂu-
ence of aerosols (natural + anthropogenic) in radiation bud-
get (Ramanathan et al., 2001). Atmospheric absorption due
to aerosols for a given layer is deﬁned as difference between
aerosol radiative forcing at top and bottom of the layer. For
the sake of brevity, henceforth atmospheric absorption due
to aerosol will be mentioned as atmospheric absorption only.
TheobjectiveofcomputingARFinthepresentstudyistoex-
amine the sensitivity of the ARF computation to the aerosol
vertical distribution. Calculations are carried out using Santa
Barbara Discrete ordinate Atmospheric Radiative Transfer
(SBDART) model developed by Ricchiazzi et al. (1998). Ac-
curacy of SBDART is better than 3% in shortwave range.
SBDART computes radiative ﬂuxes assuming plane paral-
lel atmosphere. Scattered ﬂuxes are estimated using discrete
ordinate method (Stamnes et al., 1988) and molecular ab-
sorption using LOWTRAN-7 atmospheric transmission band
model.
The different input parameters used in the ARF calcula-
tions are summarized in Table 1. Aerosol extinction proﬁle
from ground to 40km is constructed by combining the mea-
sured proﬁles from the airborne lidar observations for the
lower altitudes (0–6km) and the smoothed extinction pro-
ﬁle from SAGE-II (Ackerman et al., 1989) available for 28
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Table 1. Summary of various parameters used in the aerosol radiative forcing calculations.
Class Parameter Typical value Description
Aerosol
Vertical proﬁle Observed and standard ex-
tinction proﬁles
Observed aerosol extinction proﬁle is constructed
from airborne lidar and SAGE-II data, where as
standard extinction proﬁle is based on visibility
data.
AOD 0.32 Observed using sun-photometer on 17 Feb 2004, at
500nm, and average for the day. Spectral depen-
dence is based on model described in Sect. 5
Single scattering albedo 0.85 At 500nm for Continental Average aerosol model.
In calculations, spectrally varying values for vari-
ous models are used
Asymmetry parameter 0.63
Atmosphere
Temperature and pressure proﬁle FNL data (Stunder, 1997)
Ozone 245DU TOMS data
Water vapour 0.56cm Columnar precipitable water vapour measured us-
ing MICROTOPS-II Sun-Photometer
Other
Wavelength range 0.25 to 4.0µm Spectral irradiances computed at 20cm−1 spectral
resolution and integrated by trapezoidal rule.
Surface reﬂectance 0.1 At 555nm, from MODIS
(Vermote et al., 1997). Spectral dependence is
obtained by linearly interpolating values between
seven wavelengths (0.469 to 2.13) and set equal to
zero outside this wavelength range.
Time Diurnally averaged Calculations carried out for solar zenith angles in
steps of 3 degrees and weighted average is taken
for one diurnal cycle.
February 2004 at 19.3◦ N latitude and 80.6◦ E longitude for
higher altitudes. Though the SAGE proﬁle is somewhat sep-
arated both in time as well as in location, it is a more realistic
choice than using a model aerosol proﬁle. The aerosol ex-
tinction proﬁles are scaled such that the integration of the
complete proﬁle equals to average AOD for that day. ARF
computations are made for the measured as well as for ’stan-
dard’ aerosol extinction proﬁles. Standard extinction pro-
ﬁles are those when actual measured information on aerosol
vertical distribution is not available, but are calculated from
visibility and AOD data (Ricchiazzi et al., 1998). Here, vis-
ibility is deﬁned as V=3.912/αg, where αg is extinction co-
efﬁcient (in km−1) at ground level. Figure 6 shows the stan-
dard and observed extinction proﬁles for 17 February. Apart
from extinction proﬁle, one needs to know vertical proﬁles
of single scattering albedo (SSA), and asymmetry parameter
(AP) for calculating ARF. Spectral dependence of extinction-
coefﬁcient, SSA and AP and vertical proﬁles of SSA and AP
are obtained from aerosol models (i) Continental Average (ii)
Continental Clean (iii) Continental Polluted (iv) Desert and
(v) Urban, by varying them independently for the boundary
layer, free troposphere and stratosphere. Full description of
these models is available in d’Almeida et al. (1991) and Hess
et al. (1998). The aerosol types considered for the boundary
layer are Continental Average, Continental Polluted, Urban
and Desert. Aerosol types used for the free tropospheric re-
gion are Continental Average and Continental Clean and for
the stratosphere, Continental Clean and Sulphate aerosols are
used. These combinations resulted in 16 vertical distribu-
tions of single scattering albedo and asymmetry parameter
and depending on the aerosol model used, radiative forcing
values at the top of the atmosphere (TOA) ranges from +7
to −1W/m2. Considering the geography of the measure-
ment location (inland continental), the most suitable com-
bination is found to be the “Continental Average” aerosol
type for boundary layer, “Continental Clean” and “Sulphate”
forthefreetroposphereandstratosphereregionsrespectively.
Surface level SSA obtained at Shaadh Nagar from other in-
dependent measurements during the same period was about
0.87 at 525nm (Ganguly et al., 2005) which is close to the
SSA value of 0.85 prescribed for the “Continental Average”
aerosol type. The ARF estimates for this combination of
models for a standard extinction proﬁle and the measured
extinction proﬁle on 17 February are compared in Fig. 7.
WhilethesurfacelevelARFiscomparableforboththecases,
the difference between the values increases with increasing
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Figure 7. Clear sky aerosol radiative forcing in the short wave region (0.25 to 4 µm) calculated for the 
profiles shown in Figure 6 while the integrated column AOD and aerosol optical properties are kept 
same. Large differences are seen in the forcing values at higher altitude and at the top of the 
atmosphere. Values in regular font are aerosol radiative forcing at given altitude and values in bold font 
are atmospheric absorption due to aerosols.  
 
Fig. 7. Clear sky aerosol radiative forcing in the short wave re-
gion (0.25 to 4µm) calculated for the proﬁles shown in Fig. 6 while
the integrated column AOD and aerosol optical properties are kept
same. Large differences are seen in the forcing values at higher al-
titude and at the top of the atmosphere. Values in regular font are
aerosol radiative forcing at given altitude and values in bold font are
atmospheric absorption due to aerosols.
altitude. For the standard aerosol proﬁle, the atmospheric ab-
sorption due to aerosol within the boundary layer and in the
free troposphere are +27.9 and +6.1W/m2, while the corre-
sponding values obtained for the measured proﬁle are +13.6
and +17.7W/m2, respectively. The free tropospheric absorp-
tion due to aerosol is underestimated in case of the stan-
dard aerosol proﬁle. Atmospheric absorption is however a
very sensitive parameter in climate change studies as it con-
tributes to the heating rate and stability of atmosphere, which
are important in atmospheric dynamics and cloud formation
process. ARF estimates are also prone to large uncertainty
due to uncertainty in prescribing the aerosol type, surface re-
ﬂectance, etc. In this work we demonstrate that apart from
these uncertainties knowledge on the vertical distribution of
aerosols is also equally important to make a realistic estimate
on atmospheric absorption due to aerosol. The difference
in ARF values could be much larger in case of cloudy sky,
which will be attempted in future studies.
5 Conclusion
For the ﬁrst time feasibility of using a commercial lidar of
MPL type on a small aircraft is established for the study of
boundary layer height and aerosol vertical proﬁle over ur-
ban locations. The study made over Hyderabad, an urban
location in the central India proves the possibility of making
low cost airborne lidar observations elsewhere. It is found
that airborne lidar observation has a distinct advantage over
ground based observations, particularly over heavily polluted
locations, because of its capability to detect free tropospheric
aerosols more accurately. Three different inversion algo-
rithms suitable for analysing the airborne and space-borne
lidar data viz. Palm et al. (2002), Stephens et al. (2001)
and Klett (1985) are used and compared. No bias is found
among three algorithms in retrieving the aerosol extinction
coefﬁcient from the lidar data. Lidar ratio estimated by con-
straining the extinction proﬁle with independently measured
column AOD is sensitive to the uncertainty in the aerosol
backscattering coefﬁcient at reference altitude. Error in the
derived extinction proﬁle can be reduced to a great extent if
simultaneous measurements of scattering coefﬁcient and/or
optical depth of the free troposphere can be made onboard.
Detailed ARF computations are made using both the ob-
served aerosol extinction proﬁles as well as for standard
model extinction proﬁle. It is shown that though both the
proﬁles are normalized for the same column AOD and uses
the same aerosol optical properties, the differences in the ver-
tical distribution of aerosol yield very different results for
the vertical distribution of ARF. Though the ARF values at
the surface are comparable, appreciable differences are seen
within the atmosphere at different altitude levels. In one
example case, it is shown that for the same aerosol optical
depth, standard aerosol extinction proﬁle underestimates the
free tropospheric aerosol absorption by 11.6W/m2 and over-
estimates the boundary layer absorption by 14.3W/m2 com-
pared to that for the observed extinction proﬁle.
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